Effect of Ag additions on the precipitate microstructures of the Al-10Mg alloys has been investigated using transmission electron microscopy (TEM) and electron diffraction.
Introduction
Alloys of the Al-Mg system have been a recent focus of attention for applications in the automobile industries, because they possess a combination of high specific strength, relatively good formability, excellent resistance to corrosion and good weldability. 1) Commercial 5xxx series Al-Mg alloys are traditionally recognised as non-heat treatable alloys, because little or no precipitation hardening response is observed.
2) It is well established that trace additions ($0:1 at%) of Ag to all Al alloys containing Mg enhance the precipitation hardening response, with an acceleration in precipitation kinetics and an increase in the maximum hardness achievable.
3) However, little attention has been paid to the effects of trace additions of Ag on binary Al-Mg alloys, with compositions within and beyond the current commercial range.
Alloys of the Al-Mg system would appear to have strong potential for precipitation hardening, as it is easy to achieve supersaturated solid solutions with high concentrations of solute Mg.
2) However, alloys with <7-10 mass%Mg show little hardening and the hardness increment achievable at higher Mg contents is small. It is thus of interest to explore whether microalloying additions might be used to stimulate the precipitation hardening response.
Preliminary work has indicated that trace additions of Ag to binary Al-Mg alloys may improve the precipitation hardening response. [4] [5] [6] [7] [8] It was initially thought 4) that the effect of Ag was to refine the distribution of the existing equilibrium precipitate phase (Al 3 Mg 2 , f.c.c., a ¼ 2:824 nm). 9) However, Wheeler et al. 5) and Auld 6) proposed that peak hardness in the ternary alloys is associated with finescale precipitates of a T phase (Mg 32 (Al,Ag) 49 , b.c.c., a ¼ 1:416 nm), 10) rather than the equilibrium phase. 9) In addition, Cousland and Tate 8) analysed the ageing behaviour of a ternary Al-Mg-Ag alloy using X-ray diffraction techniques, and revealed that the T phase thought to be present at peak hardness was, in fact, a metastable T 0 phase (h.c.p., a ¼ 1:4 nm, c ¼ 2:8 nm). The equilibrium T phase is supposed to form after long-term ageing. 8) Ito et al. 11, 12) found that the solubility of magnesium in aluminium was decreased by the addition of 0.5 mass%Ag, and concluded that the improvement in the age-hardening response was partly associated with an increased level of solute supersaturation at the ageing temperature. Takahashi et al. 13) examined the ageing behaviour of Al-10 mass%Mg alloys, with and without the addition of 0.5 mass%Ag, and concluded that the increase in hardness of the ternary alloy was due to a finescale, homogeneous distribution of intermediate phases.
As with previous studies, all characterisation work has to date involved mainly indirect experimental methods, such as X-ray diffraction techniques. It thus remains that precipitate microstructures and precipitate phases during isothermal ageing are not thoroughly and convincingly understood, and the role of Ag was not elucidated. The purpose of the present paper is to examine the effects of Ag additions on the precipitate microstructures of an Al-10 mass%Mg alloy using transmission electron microscopy (TEM) and electron diffraction.
Experimental Procedures
Alloy ingots of the nominal compositions Al-10 mass%Mg with and without 0.5 mass%Ag (hereafter referred as Al-10Mg or Al-10Mg-0.5Ag alloys) were prepared by induction melting in high purity alumina crucibles in a conventional muffle furnace under air using elemental components. The molten metals were stirred mechanically and then chill-cast into cast-iron moulds with dimensions of 110 Â 60 Â 15 mm. After the ingot was homogenised for 52 h at 350 C, the surfaces on each side were scalped by milling. The ingot was then hot rolled to sheet, approximately 0.3 mm thick for TEM specimens. All specimens were solution treated for 1 h at 500 C (AE1 C) in a salt bath, water quenched and then aged isothermally at 240 C (AE2 C) for Al-10Mg(-0.5Ag) alloys in oil baths or salt baths.
All specimens for transmission electron microscopy (TEM) were punched mechanically as discs of 3 mm diameter from the strips of 0.3 mm thickness after appropriate heat treatment. They were then dry ground to a thickness of 0.1 to 0.15 mm. These disc samples were then thinned to perforate by a twin-jet electropolishing technique. The electrolyte used was either a solution of 33 vol%HNO 3 and 67 vol%C 2 H 5 OH or a solution of 33 vol%HNO 3 and 67 vol%CH 3 OH. Microstructures were observed using either a Philips EM420 or a CM20 transmission electron microscope (TEM) operating at 120 and 200 kV, respectively. C, respectively. The electron beam is in each case approximately parallel to the h110i orientation. In the under-aged Al-10Mg alloy, Fig. 1(a) , the microstructure contained coarse-scale ($1 mm), sparsely dispersed rod-like and/or plate-like precipitate particles. There was very little evidence of precipitation, i.e. there was a low volume fraction of coarse precipitate particles, compared, for example, with traditional age-hardenable Al-Cu based alloys. This is possibly due to the absence of coherent GP zones, which generally act as the nucleation sites for intermediate phases.
The ageing temperature of 240 C in the present experiment is far higher than that of the GP zone solvus temperature for this composition ($0 C), so the formation of GP zones cannot be expected. [14] [15] [16] As indicated in Fig. 1(a) , a dense distribution of dislocations surrounds individual precipitate particles. These dislocations are clearly associated with the particles, suggesting that significant plastic accommodation accompanies the processes of nucleation and/or growth as these particles form during the early stages of the isothermal ageing treatment.
Identification of these rod-like or/and plate-like particles using electron diffraction techniques proved difficult due to rapid oxidation of these precipitate particles during the process of electropolishing. However, limited evidence from low index zone axis SAED patterns recorded from regions containing these particles revealed that there were no obvious systematic zone axis patterns from the precipitate particles. This may imply that these precipitate particles do not share a simple rational orientation relationship with low index directions of the aluminium matrix phase.
In contrast, a bright-field (BF) image of the microstructure typical of the Al-10Mg-0.5Ag alloy aged 0.5 h at 240 C is shown in Fig. 1(b) . A uniform distribution of much finerscale (typically 50 nm), faceted precipitate particles was observed within the core of the grains, suggesting that such precipitate particles were nucleated homogeneously from the supersaturated solid solution of the aluminium matrix during the isothermal ageing treatment. Precipitate particles with both diamond-shaped profiles and rectangular projected images were observed. It is noteworthy that these particles were generally associated with a little strain field (coherent elastic strains), which is clearly indicated (arrows) in Fig. 1(b) . Figure 2 shows microbeam electron diffraction patterns recorded from one of the larger faceted particles in Fig. 1(b) . The precipitate pattern recorded in Fig. 2 Fig. 2 (c). These microbeam electron diffraction patterns recorded from the precipitate particle display apparently twofold, three-fold and five-fold rotational symmetry with the golden ratio, which is a non-uniform scaling factor equal to the characteristic number of icosahedral quasiperiodicity ¼ ð1 þ 5 1=2 Þ=2 ¼ 2 cosð=5Þ ¼ 1:618 (arrows). These precipitate patterns are similar to those recorded from icosahedral phases in rapidly-quenched Al-Mn alloys. 17) Using models developed 18) for cubic approximants of icosahedral quasicrystals in the Al-Mg-Ag system, and a series of systematic large-angle tilting experiments, 19, 20) these patterns have confirmed that these particles comprise an icosahedral quasicrystalline phase. C. The electron beam is in each case approximately parallel to the h001i orientation. The microstructure in the Al-10Mg alloy aged 5 h at 240 C, Fig. 3(a) , contained a coarse distribution of precipitate laths, together with an array of irregularly shaped, randomly oriented particles. These precipitate particles are now much denser and coarser than those observed in microstructures aged 0.5 h at 240
C. An interesting feature of these microstructures is that some of the irregularlyshaped particles contained an internal fault structure.
However, compared to the Al-10Mg alloy, the scale and morphology of the precipitate particles are refined by the trace additions of Ag. There is a uniform, fine-scale distribution of rod-like particles in the Al-10Mg-0.5Ag alloy aged 2 h at 240 C, Fig. 3(b) . There are two distinguishable orthogonal sets of rod-like precipitate particles. Those particles with h110i traces are normal to the electron beam, while those apparently shorter particles with h100i directions are inclined at 45 degree to the beam direction. The distribution is consistent with a single array of rod-like forms with rod axes parallel to h110i directions.
A more detailed BF image of precipitate particles in the Al-10Mg alloy aged 5 h at 240 C is shown in Fig. 4 . This TEM micrograph also reveals that a precipitate cluster that consists of three distinguishable parts, that might be described as blocky, irregularly-shaped and lath-like (labelled A, B and C, respectively). The electron beam is approximately perpendicular to the blocky precipitate particle, and no low indexing orientation of the matrix is recorded. Figures 4(b) and (c) show the electron microdiffraction patterns recorded from the blocky precipitate particle (labelled A) in Fig. 4(a) . These patterns have been indexed successfully for a facecentred cubic structure, with the two patterns representing (b)
[001] cubic and (c) [114] cubic zone axes respectively. The lattice parameter required to index these patterns was approximately a ¼ 2:8 nm which corresponds well to that previously reported for the equilibrium phase, a ¼ 2:824 nm, in Al-Mg alloys. 9) Electron diffraction patterns recorded from the lath-like precipitate particle (labelled C) and the corresponding schematic solutions are presented in Figs. 4(d) and (e). These patterns have been indexed successfully for a hexagonal structure, with the two patterns representing (d) ½11 ported in Al-Mg alloys.
21) The electron microdiffraction patters have been simulated using a close-packed hexagonal Bravais lattice with lattice parameters of a ¼ 1:61 nm, c ¼ 2:82 nm, and with atomic positions of (0, 0, 0) and (1/3, 2/3, 1/2) in the hexagonal unit cell. These atomic positions were chosen for simplicity because atomic positions for the intermediate 0 phase in Al-Mg alloys have not yet been reported. The simulated electron diffraction patterns are in excellent agreement with those recorded experimentally. Figure 5 presents electron microdiffraction patterns recorded from the rod-like precipitate particle in the Al-10Mg-0.5Ag alloy parallel to the (a) ½1 1 10 , (b) [112] and (c) ½11 1 1 directions respectively. As shown in the accompanying schematic solutions, these patterns can be indexed for the T phase. 10, 22) 3.3 Over-aged stages of aged microstructures at 240 C When the ageing time was further increased to 72 h at 240 C, the microstructure was changed significantly, as shown in Fig. 6 . The electron beam is approximately parallel to the h110i direction. In Fig. 6(a) , the morphology of the precipitate particles was consistently irregular, and the scale of these precipitate particles was well in excess of 1 mm. Although detailed identification of these coarse particles failed due to the relative thickness of the precipitate particles, it is to be expected that the equilibrium phase would be the predominant phase to observed in the later stages of the ageing process in the Al-Mg alloys.
2) As can be seen from Fig. 6(b) , no rod-like h110i particles were observed, and they were replaced by coarse-scale precipitate particles, with two distinguishable morphologies. The dominant morphol- ogy was that of coarse-scale, irregularly globular particles, while there was a small volume fraction of finer-scale, spherical precipitates. It was interesting to note that these precipitate particles were also surrounded by a high density of dislocations within the aluminium matrix, suggesting that nucleation (and growth) of these globular particles may generate such defects. Detailed characterisations of those particles using TEM will be discussed elsewhere. 23) 4. Discussion 4.1 Precipitation hardening response and precipitation sequence It has been reported that the age-hardening response of the Al-10Mg alloy is dramatically enhanced by trace additions of Ag. 24) In this case, the addition of Ag both accelerates the hardening response and leads to a significant increase in maximum hardness at a given ageing temperature. One potential source of this stimulation of the age-hardening response and this improved hardening behaviour in the Al10Mg-0.5Ag alloy derives from observations 11, 12) that as little as 0.5 Ag reduces substantially the solubility of magnesium in aluminium over the full range of temperatures below the eutectic temperature. It was suggested that the combination of increased supersaturation and the chemical affinity between Ag and Mg atoms would bring the formation of stable GP zones (approximately spherical Mg-Ag zones having the AuCu I type structure, a ¼ 0:442 nm, c ¼ 0:348 nm), which may act as nucleation sites for the stable T phase (Mg 32 (Al,Ag) 49 , b.c.c., a ¼ 1:416 nm) 10) precipitates. However, these suggestions have yet to be supported by clear and direct evidence, such as direct observation of GP zones by TEM.
It has also been suggested 25) that the effect of Ag on the age-hardening response is mainly two-fold. One is that Ag may facilitate the nucleation of an existing precipitate by the reduction of the interfacial energy between the precipitate and matrix. The other is that Ag may promote the formation of a different phase (e.g. omega () phase in an Al-4Cu-0.3Mg-0.5Ag (mass%) alloy). 26) There is evidence 5) that trace additions of Ag may promote a change in precipitate identity in an Al-Mg-Ag alloy. In addition, modified intermediate phases were observed in the Al-10Mg-0.5Ag alloy. 13) However, the experimental evidence was not sufficient to reveal the detailed crystal structures of precipitate particles in the Al-Mg-Ag alloy.
There is apparently little or no precipitation hardening response in the Al-10Mg alloy for a period of 1-2 h, after which the hardness rises modestly to a maximum of $100 HV following 5 h isothermal ageing at 240 C. 24) According to the microstructural characterisation work presented in Figs. 1(a) , 3(a) and 4, this hardening response is attributable initially to an array of coarse-scale, sparsely distributed rod-like and/or plate-like precipitate particles, that have been identified as the metastable 0 phase. With ageing up to 5 h, the microstructure contained an increased volume fraction of coarse-scale precipitate particles, which were identified at maximum hardness to comprise a mixture of the metastable 0 and stable phases. With further longer term ageing up to 72 h, as shown in Fig. 6(a) , which corresponded to a well over-aged condition, the microstructure exhibited very coarse scale precipitate particles of what was not identified in detail but presumed to be equilibrium phase. In the case of the Al-10Mg-0.5Ag alloy, the precipitation hardening response was stimulated and accelerated compared to that of the Al-10Mg alloy during the early stages of the ageing process. The hardness had, for example, increased beyond the maximum hardness of the Al-10Mg alloy within just 0.5 h. 24) This accelerated hardness increment was found to be attributable to a fine scale (typically 50 nm), uniform distribution of faceted precipitate particles, identified as being quasicrystalline and having the icosahedral structure. The hardness continued to increase to a maximum hardness of $120 HV after $2 h at 240 C, 24) and it was observed that the metastable icosahedral quasicrystalline phase was replaced by uniformly distributed, finer-scale rod-like particles, identified as metastable T phase. 10, 22) With prolonged ageing time, the hardness decreased gradually 24) and during overageing the T phase particles were replaced by a bimodal distribution of the equilibrium phase (Al 3 Mg 2 ). 9, 23) This distribution corresponded coarse-scale ($500 nm), globular particles together with fine-scale ($100 nm), sparsely distributed spheroidal particles. According to early work on Al5Mg-0.5Ag alloy using the bulk X-ray diffraction technique, 6 ) the early stages of the precipitation hardening response was attributed to the formation of GP zones, while the maximum hardness was associated with formation of what was described as equilibrium T phase. More recently, Cousland and Tate described 8) maximum hardness as being associated with a metastable T 0 phase, while the equilibrium T phase was suggested to form in the later stages of the ageing process. However, in the present work, each precipitate phase has been identified using direct microstructural observations by TEM and microbeam electron diffraction patterns recorded from individual particles, and there was no evidence of the formation of GP zones or a metastable T 0 phase. While there have been suggestions that the T phase 10) is an equilibrium phase in such systems, the present microstructural characterisation of the over-aged samples has revealed that the T phase 10) is metastable and that the equilibrium phase in the present Al-10Mg-0.5Ag alloy aged at 240 C is the phase (Al 3 Mg 2 ). As a result of the present characterisation of precipitate microstructures in both Al-10Mg and Al-10Mg-0.5Ag alloys, the precipitation sequences during the isothermal ageing process at 240 C may be summarised as follows: Al-10Mg alloy:
Supersaturated solid solution (S.S.S.S.)
Al-10Mg-0.5Ag alloy:
! metastable icosahedral quasicrystalline phase ! metastable T phase ! stable phase:
The Al-10Mg-0.5Ag alloy, aged to near maximum hardness (2 h) at 240 C, contained a fine-scale, uniform distribution of rod-like precipitate particles identified as metastable T phase, while the binary alloy, given a similar ageing treatment, showed microstructures contain sparsely distributed 0 and particles. It is thus clearly demonstrated that trace additions of Ag to Al-10Mg alloys modify the identity of the primary precipitation strengthening phases, and the precipitate distributions.
It has been reported that the age-hardening response in the Al-4Cu-0.3Mg (mass%) alloy is significantly enhanced by trace additions of Ag in sample aged at 150 and 200 C. 27, 28) Similar enhancement of hardness was observed in the alloys of the Al-Mg alloy system as a result of microalloying with Ag. 24) The maximum hardness value of the Al-10Mg-0.5Ag alloy is slightly higher than that of the Al-4Cu-0.3Mg-0.4Ag alloy when both alloys are under the same ageing condition, 24) but the time required to achieve maximum hardness in Al-10Mg-0.5Ag alloy is longer than that of the Al-4Cu-0.3Mg-0.4Ag alloy. Although maximum hardness in the current experimental Al-10Mg-0.5Ag alloys may be higher than that of the Al-Cu-Mg-Ag alloy, the age-hardening capability (i.e. the hardness increment between the asquenched and maximum hardness) in the experimental Al10Mg-0.5Ag alloy is significantly lower than that of the Al4Cu-0.3Mg-0.4Ag alloy. 
Conclusions
Effect of Ag additions on the precipitate microstructures of the Al-10Mg alloys has been investigated by microstructural observations using transmission electron microscopy (TEM) and electron diffraction. Following conclusions are obtained.
(1) The enhanced precipitation hardening attributable to microalloying with Ag to the Al-10Mg-0.5Ag alloy is the result of changes in both the precipitation sequence and the identity of the strengthening precipitates. Phases stimulated by the addition of Ag are refined and more densely distributed than those in the Al-10Mg alloy. (2) Microstructural observations combined with microbeam electron diffraction analyses suggest the following precipitation sequences in the Al-10Mg and Al-10Mg-0.5Ag alloys aged isothermally at 240 C Al{10Mg: S.S.S.S.
! metastable 0 phase ! equilibrium phase Al{10Mg{0.5Ag: S.S.S.S.
! metastable icosahedral phase ! metastable T phase ! equilibrium phase (3) The present observations are the first to reveal that the addition of Ag to Al-10Mg alloy stimulates a metastable icosahedral quasicrystalline phase during conventional isothermal ageing treatments. This phase is a precursor to crystalline T phase, which is the metastable intermediate phase primarily responsible for maximum hardness in the Al-10Mg-0.5Ag alloy. The present characterisation has also revealed that the metastable T phase is replaced by equilibrium phase in over-aged condition.
